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Carbon-based energy vectors can use existing energy infrastructures and can serve all energy applica¬ 
tions including transport. The review analyses how carbon-based energy vectors can be made suitable for 
design of low CO2 intensive and cost-effective energy systems. For this purpose several interesting 
carbon management technologies which well integrate and add value to energy technologies are 
expounded. It is shown that energy systems involving carbon-based vectors can achieve very low CO2 
intensity when they use energy mix of carbon positive and carbon negative technologies. The focus of the 
study is on promising carbon management technologies which can achieve: (i) minimised atmospheric 
CO2 emissions by sources and/or (ii) maximised CO2 removals from the atmosphere by sinks. Further, the 
opportunities for integration of value-added carbon management technologies into fossil fuel, biomass 
and renewable energy technologies are discussed. In summary, perspectives and constraints of energy 
technologies integrated with value-added carbon management are expounded. 

© 2012 Elsevier Ltd. All rights reserved. 


1. Introduction 

Conventional energy systems involving combustion of fossil 
fuels in air are nowadays major contributors to anthropogenic 
atmospheric emissions of the main greenhouse gas (GHG) - carbon 
dioxide (CO2) [1], These energy systems are thus environmentally 
inefficient because they generate unwanted wastes. Emitted C0 2 
adversely affects natural carbon (C) cycles by mostly irreversible 
accumulation in the atmosphere. Therefore, a transition towards 
less CO2 intensive energy systems is urgently needed in order to 
mitigate climate change. 

Today energy cannot be obtained from nature by cost-effective 
technologies. Considering reliability and economic feasibility 
probably none of countries in the world can afford to implement 
100% renewable energy systems with presently available technol¬ 
ogies. Many countries have to rely on fossil fuels to meet even their 
basic energy demands [2,3]. Even if these countries focus on 
promoting renewable energy systems, it is very likely that the 
utilisation of fossil fuels will remain at a significant level in next 
several decades. Global economic growth is thus today closely 
related to the availability of energy and CO2 emissions [4], 

The conventional utilisation of fossil fuels generates gaseous 
CO2 while renewable resources are limited worldwide. Thus the 
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transition towards less CO2 intensive energy systems can be ach¬ 
ieved through the use of carbon-based energy vectors integrated 
with carbon management technologies. Unfortunately, the inte¬ 
gration of conventional carbon capture technologies into conven¬ 
tional fossil fuel-fired power plants generates significant additional 
costs [5], Moreover, conventional CO2 sequestration technologies 
such as C0 2 storage in geological formations further contribute to 
the overall costs of minimising atmospheric C0 2 content. This all 
means that these conventional climate change mitigation options 
will be relatively expensive. Relying only on these conventional 
technologies it might be difficult to implement climate change 
mitigation strategies while maintaining stable economic growth. 
Therefore, an idea of reusing C through innovative and more 
economic strategies seems reasonable [6], For design of cost- 
effective energy systems involving carbon-based energy vectors, 
economical approaches such as value-added carbon management 
technologies are needed. 

Main strategies behind low C0 2 intensive carbon-based energy 
vectors may rely on the utilisation of renewable energy to convert 
CO2 captured from fossil fuel-fired power plants into C-rich fuels as 
well as other value-added C-rich products. Such strategies can 
achieve negative C0 2 intensity during the production of useful 
forms of energy. Further, harnessing biomass production to remove 
CO2 from the atmosphere and subsequently obtain useful energy, 
hydrocarbon fuels and other value-added products is an example of 
energy strategies having roughly neutral CO2 intensity. However, as 
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Nomenclature 

G 

Gibbs free energy, J mol -1 



GDP 

gross domestic product 

AD 

anaerobic digestion 

H 

enthalpy, J mol -1 

C 

carbon 

HHV 

higher heating value 

CC 

common contribution to the EACE, Mg C capita -1 yr -1 

HPRSS 

high-pressure reactive solvent scrubbing 

CCGT 

combined cycle gas turbine 

IC 

individual contribution to the EACE, Mg C capita -1 yr -1 

CFB 

circulating fluidised bed 

K 

reaction equilibrium constant, units vary 

CHP 

combined heat and power 

ORC 

organic Rankine cycle 

co 2 

carbon dioxide 

PC 

pulverised coal 

CSP 

concentrated solar power 

PV 

photovoltaics 

DME 

dimethyl ether 

R 

universal gas constant = 8.314 J mol -1 K -1 

EACE 

ecologically allowable C0 2 emissions, Mg C capita -1 yr -1 

S 

entropy, J mol -1 K -1 

ECBMR 

enhanced coal bed methane recovery 

SNG 

synthetic natural gas 

EGR 

enhanced gas recovery 

T 

temperature, K 

EOR 

enhanced oil recovery 

TR 

trireforming 

F-T 

Fischer—Tropsch 

UCG 

underground coal gasification 

EU-ETS 

European Union emission trading scheme 




discussed throughout this article, when biomass-based energy 
systems are integrated with some emerging value-added carbon 
management strategies they also can achieve negative CO2 inten¬ 
sity. Interestingly, negative CO2 emissions can offset CO2 emissions 
generated by conventional fossil fuel-fired energy systems, overall 
leading to more efficient energy system design. 

Value-added carbon management technologies can generate 
value-added carbonaceous products such as: fuels, fertilisers, 
materials and chemicals. These value-added products may thus 
offset costs associated with carbon management. Besides, the 
introduction of such carbonaceous products to markets might 
significantly change world economy by lowering production costs 
of several intermediates and providing massive and cheap 
production of some final products. 

In Section 2 the current study presents the roles of 5 energy 
vectors in energy system design with emphasis put on a carbon- 
based energy vector. In Section 3, carbon management in nature 
is discussed with focus on carbon reservoirs, atmospheric carbon 
emissions and removals and ecologically allowable CO2 emissions. 
Further, opportunities for integrating value-added carbon 
management technologies into fossil fuel, biomass and renewable 
energy technologies are discussed, respectively in Sections 4, 5 and 
6. Section 7 briefly summarises non-conversion value-added use of 
CO2. Finally, Section 8 expounds perspectives and constraints of 
value-added carbon management technologies integrated into 
carbon-based energy vectors. 

2. Roles of various energy vectors in energy system design 

An energy vector allows transfer, in space and time, a given 
quantity of energy, hence making it available for use distantly in 
time and space from the point of availability of the original source. 
Suitable energy vectors must fulfil a number of requirements. They 
should: (i) have both a high energy density by volume and by 
weight, (ii) be easy to store without a need for high-pressure at 
room temperature, (iii) be of low toxicity and safe to handle, and 
show limited risks in their distributed (non-technical) use, (iv) 
show a good integration in the actual energy infrastructure without 
the need for new dedicated equipment, and (v) have a low impact 
on the environment in both their production and their use. Table 1 
presents main elements of energy system design including 
resource, technology, energy vector and end use. 

Sustainable energy future foresees no predominance of one 
source over the others in any area of the world but a proper energy 


mix, based on locally available resources and needs [7], The same 
relates to energy vectors. Therefore, in foreseeable future energy 
systems will be designed such so as to exploit synergies between 
energy sources and energy vectors. Apart from conventional energy 
vectors such as electricity and heat which will remain dominant, 
some new energy vectors can play more significant roles in energy 
systems. Their potential will very much depend on local contexts 
[8], Five main energy vectors from Table 1 are briefly characterised 
below. 


2.1. Electricity and heat vectors 

Electricity is an attractive energy vector for most of energy 
applications. It has well developed conventional infrastructure, 
acceptable production costs and acceptable energy transmission 
losses. Synergy effect of electricity and heat energy vectors can be 
well exploited in combined heat and power (CHIP) systems. 
Disadvantages of electricity vector are less pronounced in 


Table 1 

Energy system design. 

Resource : Examples Energy technology 


Fossil fuels 
Coal/Lignite 

Nuclear 

Uranium/Thorium 

Deuterium 

Renewables 



Geothermal 


PC/CFB 

CCGT 



Tides 

CSP 

PV 

Solar thermal 
Thermolysis 
Wind turbine 
(on/off-shore) 

Kites etc. (high 

altitude winds) 

Anaerobic digestion 

Combustion 

Gasification 

Fermentation 

Esterification 

Pyrolysis 

Geothermal 


Energy vector 

Electricity 

Fleat 

Hydrogen 

Ammonia 


End use 
Electric load 
Heat load 
Transport 
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comparison with other energy vectors and mainly relate to diffi¬ 
culty of energy storage. Further, in order to efficiently utilise energy 
derived from large unstable energy sources such as wind or 
photovoltaics (PV) farms the electricity vector needs electric 
supergrids [9], Furthermore, electrical technologies are still not 
sufficiently advanced for e.g. road transport. Namely, batteries 
which can store energy and release it in the form of electricity still 
have low energy storing capacity per unit mass or volume (only 
about 1% of the specific energy of gasoline). Even if there is active 
research to develop advanced nanoarchitectured materials to 
increase energy storage in batteries or supercapacitors, energy 
storage capacity of batteries will continue to be a major limit for 
mobile applications. Besides, there are various additional problems 
related to cost, lifetime, time of recharge, etc. Finally, electricity 
vector is not perfectly suited for fossil fuels utilisation because 
during their conversion CO2 and heat are produced which rather 
cannot be handled by electricity vector alone. 

A heat vector is designed to serve some specific heat load 
applications such as district heating with water/steam as an energy 
carrier, ft is not suitable to provide power but it very well integrates 
with electricity vector in CFIP systems which is particularly 
important in cold climates. 

2.2. Hydrogen and ammonia vectors 

A hydrogen vector can ensure clean energy supply with no CO2 
emissions. The hydrogen vector is receiving much attention as 
a policy and technical issue [10-12], Hydrogen gas is being 
explored for use in combustion engines and fuel cells, ft is also 
suitable for fuel cell powered electric vehicles. Hydrogen is also 
suitable for energy storage applications, in particular when 
combined with large renewable energy sources. 

Both hydrogen and batteries have smaller energy density per 
volume compared with liquid fuels based on fossil or biomass 
sources. With respect to the cited requirements for energy vectors, 
hydrogen has too low energy density and needs to be stored under 
high-pressure (with consequent safety issues) and/or extremely 
low temperatures (with related energy costs). Hydrogen storage 
materials [13—15] must ensure high storage capacity and good 
kinetics of adsorption/desorption, besides lightness and stability. In 
addition, its use requires large costs for a new energy infrastructure, 
and it does not integrate with the actual devices, thus not allowing 
for a smooth transition. In terms of sustainability, the cost param¬ 
eter is the central issue. When a novel technology requires high 
costs to be introduced, it will take a long time for it to be eventually 
applied. A solution which better integrates into the actual infra¬ 
structure is thus preferable, because it has a lower economical 
barrier for introduction and may be applied in a shorter time frame 
[16]. As hydrogen is the smallest molecule it can penetrate through 
metals and hence it is a more complex energy vector than e.g. 
natural gas, biogas [17] or liquid carbonaceous fuels. Moreover, 
various existing technologies for hydrogen generation are often 
characterised by large energy and CO2 intensities. Hence, both the 
generation as well as the storage of hydrogen are technical chal¬ 
lenges which have to be solved before hydrogen technology can be 
a real alternative for stationary and mobile energy applications. 
Consequently, the importance of hydrogen vector will increase in 
future but it will rather not become a dominant energy vector and 
will play only complimentary roles. Of course, hydrogen vector can 
become a dominant energy vector in energy systems design if only 
cheap energy is easily available, e.g. from renewables or nuclear 
technologies. Today it is however out of reach for almost all 
countries. 

Ammonia is one another proposed energy vector which could 
be selectively converted to hydrogen and nitrogen using novel 


catalysts. It is thus in fact a chemical carrier for hydrogen. Ammonia 
can be manufactured with well established processes. It is easy 
liquefied under moderate pressure thus is less problematic than 
pure hydrogen. However, there are clear concerns regarding 
toxicity and smell, as well as the potent greenhouse effect of 
ammonia causing severe constraints for leakage. In addition, 
ammonia vapour explosion risks are significant. Therefore, 
ammonia energy vector is rather not considered seriously today 
and can be recommended only for some niche energy applications. 

2.3. Carbon-based vectors 

It is central that useful forms of energy can be retrieved from 
nature at relatively large economical and environmental costs. 
Prospects for the deployment of nuclear fusion and other futuristic 
energy technologies still remain unclear. Therefore, energy systems 
need a cost-effective and environmentally benign energy vector 
that could combine fossil fuel, nuclear and renewable resources. 
This work demonstrates that carbon-based energy vectors when 
made economically more efficient by integration with value-added 
carbon management technologies can play a significant role in 
energy systems design as an attractive energy vector. 

Carbon-based energy vectors can be obtained by e.g. anaerobic 
digestion or pyrolysis of biomass or by the CO2 conversion to liquid 
fuels (methanol or other liquid chemicals). Such carbon-based 
energy vectors have high energy density and minimal and well 
established risks in storage. Besides, they may be well integrated 
with existing energy infrastructures with minimal or no 
investment. 

Nevertheless, current carbon-based energy vectors based on 
carbonaceous liquid and gaseous fuels are fulfilling all the 
requirements for suitable energy vectors, except the point 
regarding the emissions of GHGs, in particular CO2. Therefore, the 
attractiveness of carbon-based energy vectors could be signifi¬ 
cantly raised by economical minimisation of problematic CO2 
emissions. It will be demonstrated that this is achievable by 
deploying value-added carbon management technologies. 

Fig. 1 presents 3 energy technologies which well integrate into 
carbon-based energy vectors. It can be observed that fossil fuel 
energy source needs CO2 capture to minimise its positive CO2 
intensity. Captured CO2 can be then stored or reused. Further, 
conventional use of biomass energy is roughly C0 2 neutral. 
However, as it will be demonstrated throughout this study, biomass 
energy can be designed to achieve negative CO2 intensity [18,19], 
Finally, the adoption of renewable energy such as solar [20] or wind 
energy [21 ] (also nuclear energy) can enable to convert captured 
CO2 into e.g. fuels and thus also to achieve negative CO2 intensity. 
The obtained carbon-based energy vectors do not need a new 
energy infrastructure and can prolong the use of fossil fuels without 
adversely affecting climate. Of course, carbon-based energy vectors 
must ensure cost-effectiveness and thus they need suitable value- 
added carbon management technologies. 

Fig. 2 shows that carbon management technologies can operate 
at 4 main stages: (i) C reservoir, (ii) C conversion, (iii) CO2 capture 
and (iv) CO2 sequestration. At the C reservoir stage C can be shifted 
from the atmosphere to other C reservoirs by involving several 
natural processes. Carbon management technologies can be used to 
intensify some of them. Further, at the C conversion stage while 
extracting energy from carbonaceous resources (fossil fuel or 
biomass) a part of C can be converted to organic biofertilisers (e.g. 
digestate, biochar). The design and integration of CO2 capture stage 
is often central for the overall cost-effectiveness of the entire 
energy system. Interestingly, it is possible to produce value-added 
products also at this stage, e.g. ammonium bicarbonate (mineral 
soil fertiliser) [22], At the final CO2 sequestration stage the captured 
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Fig. 1. Schematic representation of 3 energy technologies which well integrate into carbon-based energy vectors. 


CO2 can be managed through geological storage [23], the produc¬ 
tion of carbonaceous chemicals, materials, fertilisers and fuels. The 
colour bar in Fig. 2 reflects economic potential of carbon manage¬ 
ment technology, i.e. whether it generates additional costs or is 
value-added. 

3. Carbon management in nature 

The design of environmentally effective energy systems 
involving carbon-based energy vectors must be consistent with 
ecological rules of carbon circulation in nature. Therefore, in-depth 
understanding of Earth’s natural carbon cycles is central for esti¬ 
mating opportunities for attractive carbon management 
technologies. 

3.1. Carbon reservoirs 

Earth has two major carbon reservoirs, i.e. carbon rocks and 
organic-rich rocks [24,25], Relatively small part of C is contained in 
five other reservoirs, i.e. in: the hydrosphere, soil, atmosphere, 
biosphere and others, Table 2. 

Table 2 shows that carbon rocks and organic-rich rocks contain 
99.8937% of total C. Interestingly, anthropogenic CO2 atmospheric 
emissions originate from these two largest reservoirs through fossil 


fuel combustion (oxidation of carbonaceous fossil fuels from 
organic-rich rocks) and cement production (thermal splitting of 
carbonate minerals from carbon rocks). Further, the soil reservoir 
comprises more C than the atmosphere and biosphere reservoirs 
combined. Interestingly, the content of C in the soil is far from its 
ecological limit and therefore biosequestration of atmospheric C in 
soil is entirely feasible today [26], Shifting C from the atmosphere 
reservoir where it is highly unwanted to the soil reservoir where C 
is needed followed by carbon biomineralisation in soil seems to be 
an attractive CO2 sequestration strategy. The hydrosphere reservoir 
is very large compared with the soil, atmosphere and biosphere 
reservoirs. C exists in oceans in inorganic forms, i.e. 90% as bicar¬ 
bonate ions (HC03-), the remainder being mainly carbonate ions 
(C03=), while organic C content in oceans is very low. Conse¬ 
quently, concentrations of C in oceans and in the atmosphere are 
inter-connected mainly by physical solubility equilibria (physical 
pump). Accordingly, the rising content of CO2 in the atmosphere 
leads to increased solubility of CO2 in oceans and thus oceans 
remove around -2.50 Pg C yr -1 out of +8.40 Pg C yr -1 of total 
anthropogenic CO2 emissions. However, it must be noted that the 
rising content of CO2 in oceans alleviates pH of oceanic water which 
shifts gas-liquid equilibria towards the higher CO2 content in the 
gaseous phase. Besides, gas solubility is known to drop with rising 
temperature. Consequently, the role of oceans in storing 



Fig. 2. Options for carbon management technologies from the C. 
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Table 2 

Characterisation of Earth's carbon reservoirs. 


Carbon reservoir 


Mass (Pg C) Share (%) 


Carbon rocks (limestone, chalk, dolomite) 
Organic-rich rocks (coal, oil, natural gas) 
Hydrosphere 

Others (methane hydrates, marine sediments, etc) 
Soil 

Atmosphere 

Biosphere 


42 000 000 
10 500 000 
38 000 
14 000 
2500 
770 
560 

52 555 820 


79.9150 

19.9787 

0.0723 


0.0015 

0.0011 

100.0000 


atmospheric CO2 might be less pronounced in future potentially 
warmer and CC>2-richer climate. Moreover, today it is not clear how 
CO2 enriched atmosphere influences oceanic ecosystems. Healthy 
oceanic ecosystems have great potential in mineralisation of carbon 
in the form of stable carbonates. Engineering of such a carbon 
management option is however fairly complex and dangerous due 
to still not well understood interactions between physical and 
biological carbonation cycles, existing large kinetic limitation of 
physical carbonation processes and fragile biological equilibria in 
oceanic ecosystems which when damaged can limit their presently 
very efficient carbon biocalcification. 

3.2. Atmospheric carbon fluxes: carbon emissions vs. carbon 
removals 

All C reservoirs are inter-connected and C can circulate from one 
reservoir to another (see Fig. 2 - C reservoir stage for details). 
Adverse effects on climate are however associated only with C0 2 
contained in the atmosphere. Therefore, carbon management 
strategies must focus on shifting C from the atmosphere to some 
other C reservoirs. Table 3 presents major C fluxes between the 
atmosphere and other C reservoirs which exist today. 

From Table 3 it is observed that the anthropogenic C flux 
of +8.40 Pg C yr -1 is relatively large and that it mostly irreversibly 
transfers C from the two largest C reservoirs to the atmosphere. As 
the target atmospheric C reservoir has relatively small capacity 
(today it contains 770 Pg C) the anthropogenic C flux leads to 
significant increase in the content of C in the atmosphere. Natural 
volcanic activity adds another +0.08 Pg C yr -1 . The rising content 
of CO2 in the atmosphere affects natural equilibria and hence 
a part of atmospheric C emissions is redistributed into e.g. oceans 
(-2.50 Pg C yr -1 ) and, to lesser extent, to biomass and soil 
(-1.60 Pg C yr -1 ). The anthropogenic remainder of +4.38 Pg C yr -1 
irreversibly accumulates in the atmosphere. This adds to the 
atmospheric C content more than 0.5 % yr -1 . Because the net 
atmospheric flux of C is irreversible, CO2 accumulates in the 
atmosphere and hence the atmospheric concentration of CO2 is 
increasing at an alarming rate of ~2.2 ppmv yr -1 , currently 
reaching the level of around 391 ppmv [27], The increased content 
of CO2 in the atmosphere is one of major causes of the tempera¬ 
ture difference between mean annual temperature in the late 
1800s and that existing today, which amounts to around 0.8 K. 


Moreover, due to existing time delay of global warming [28] 
thermal imbalance of Earth is likely to be another ~ 0.6 K, hence 
the total thermal response of Earth can amount to 1.4 K and 
can further rise in near future. Further, the rising concentration of 
CO2 in the atmosphere can have one another non-thermal adverse 
effect on ecosystems. Namely, the increased atmospheric CO2 
concentration can seriously and irreversibly damage the health of 
ocean ecosystems by e.g. ocean acidification. It is likely that 
the irreversibly damaged ocean ecosystems can loose their ability 
of removing CO2 from the atmosphere to stable carbonate 
minerals, at least in a biological part of this process (biological 
carbon pump). If this happens CO2 emissions would accumulate 
in the atmosphere with less natural CO2 removals thus leading 
to greater atmospheric carbon build-up. Consequently, the 
increasing atmospheric CO2 content is a significant global threat 
which can have an adverse effect both on climate and on 
ecosystems. 

Interestingly. Table 3 suggests that the net atmospheric C0 2 flux 
can be minimised by: (i) decreasing anthropogenic CO2 emissions 
and (ii) increasing CO2 uptake to other C reservoirs such as 
hydrosphere (oceans), soil and biosphere (biomass). Ocean carbon 
engineering is rather not considered today as an acceptable option 
to combat climate change due to fragile ocean ecosystems. 
Conversely, soil and terrestrial biosphere carbon engineering seem 
to be promising for C deposition and thus to offset anthropogenic 
CO2 emissions. The soil reservoir is also inter-connected with the 
carbon rocks reservoir and thus C can be gradually shifted from soil 
to carbon rocks through e.g. natural carbonate mineralisation. As it 
is discussed later in this paper soil/biomass-based carbon engi¬ 
neering creates new opportunities to develop attractive value- 
added carbon management technologies. 

In summary, the data presented in this section clearly empha¬ 
sise that the current atmospheric anthropogenic CO2 emissions 
of +8.40 Pg C yr -1 plus +0.08 Pg C yr -1 from volcanic activity is 
today offset by soil and biosphere flux of around -1.60 Pg C yr -1 
and oceanic flux of around -2.50 Pg C yr -1 . The anthropogenic 
remainder of +4.38 Pg C yr -1 constitutes the flux to be handled by 
economically effective carbon management technologies. This 
figure is obtained through determining the annual rate of CO2 
build-up in the atmosphere. Namely, the current CO2 emissions of 
2.2 ppmv yr -1 per 391 ppmv C0 2 present in the atmosphere gives 
the annual CO2 build-up of 0.562% yr -1 . Multiplying this annual 
build-up by content of C in the atmosphere of 770 Pg C, a value close 
to +4.38 Pg C yr -1 is obtained. Of course, a part of this remainder 
could be handled by minimising the anthropogenic CO2 flux itself, 
e.g. by energy efficiency measures or by the investments in low- 
carbon energy technologies such as renewable, nuclear or CCS. 
On the other hand, rapidly growing energy demands, in particular 
in developing countries, and limited capacity potentials of many 
renewables and nuclear technologies make such strategies to be 
hardly feasible in foreseeable future. Therefore, energy system 
design involving carbon-based energy vectors integrated with 
value-added carbon management technologies can become of 
paramount importance in near future. 


Major carbon fluxes between the atmosphere ar 


?r carbon reservoirs as of 2012. 


Carbon reservoir 


Carbon rocks, organic-rich rocks 
Carbon rocks 
Soil, biosphere 
Hydrosphere 

Net atmospheric carbon emission 


Carbon flux (Pg C yr ') Characterisation of carbon flux 


Emissions Removals Origin 


+8.40 

+0.08 

+121.50 

+90.00 

+4.38 


Anthropogenic 

Natural 

Mixed 


Irreversible 

Irreversible 

Reversible 


Driver 

Industry 

Volcanoes 

Photosynthesis and mineralisation 
Mineralisation and photosynthesis 
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3.3. Ecologically allowable CO2 emissions (EACE) 

From Section 3.2 it can be clearly concluded that natural carbon 
cycle is significantly affected by anthropogenic causes. Hence, 
natural equilibrium of C between the atmosphere and other C 
reservoirs is disturbed. Consequently, the disturbed Earth’s carbon 
system tends to minimise these anthropogenic impacts by physical 
and biological mechanisms, Table 3. Clearly, physical and biological 
removals of CO2 from the atmosphere to oceans and to the 
biosphere, which today total to around -4.10 Pg C yr -1 , will further 
increase in absolute sense with rising atmospheric CO2 content. 
This is because the driving force for CO2 uptake from the atmo¬ 
sphere [29] increases with rising CO2 concentration. However, this 
assumption holds as long as existing ecosystems are not damaged 
(such a risk exists primarily in relation to oceanic ecosystems due to 
acidification). Carbon management strategies must therefore focus 
on offsetting anthropogenic emissions through human-enhanced 
natural removals of C from the atmosphere to other C reservoirs. 
There are several cost-effective and fully ecological carbon 
management technologies which can significantly accelerate this 
beneficial shifting of CO2 from the atmosphere to other C reservoirs. 
Natural removals of atmospheric CO2 (-4.10 Pg C yr -1 ) are much 
smaller than anthropogenic emissions (+8.40 Pg C yr -1 ). There 
must be thus global consensus on how to increase natural CO2 
removals by sinks and at the same time to reduce anthropogenic 
CO2 emissions by sources. 

It is central that anthropogenic CO2 emissions are associated 
with people and their consumption of goods. The production chain 
of goods is linked with CO2 emissions. Hence, ecological indicators 
associated with CO2 should be calculated per capita. According to 
Table 3, global atmospheric CO2 emissions amount to +8.40 
Pg C yr -1 which translates to +1.20 Mg C capita -1 yr -1 . Net natural 
CO2 fluxes from the atmosphere (Table 3) amount to -4.02 
Pg C yr -1 which translates to —0.60 Mg C capita -1 yr -1 . These net 
natural CO2 removals originate from the oceanic removals 
(—0.37 Mg C capita -1 yr -1 ), soil/biosphere removals (-0.24 Mg 
C capita -1 yr -1 ) and volcanic emissions (+0.01 Mg C capita -1 yr -1 ), 
all averaged over time. The soil/biosphere removals can strongly 
vary among ecosystems and can be raised (in absolute sense) by the 
deployment of effective carbon management technologies. Of 
course, carbon management technologies can also beneficially 
decrease CO2 atmospheric emissions itself. 

Consequently, it can be said that there exist ecologically allowable 
CO2 emissions (EACE) which do not lead to the increase of CO2 
content in the atmosphere. Today, the globally averaged EACE 
amounts to around 0.60 Mg C capita -1 yr -1 . Its major part originates 
from the oceanic removals (-0.37 Mg C capita -1 yr -1 ). Since oceans 
are common property of all nations, the oceanic removals can be 
treated as common for all countries. It will be referred here as 
a common contribution (CC) to the EACE. Further, the volcanic part of 
the EACE relates to Earth’s natural tectonic activity, which is associ¬ 
ated with natural carbon cycle. It is independent of human activities 
and thus it can be treated as common for all nations (CC) as well. 
Conversely, the CO2 removals from the atmosphere by soil/ 
biosphere-related sinks depends on human activities, can strongly 
vary among ecosystems and is dependent on national carbon-related 
environmental policies. Consequently, the CO2 removals from the 
atmosphere by soil/biosphere-related sinks can be varied by the 
adoption of carbon management technologies and therefore this part 
of the EACE can be individually determined for all nations. The CO2 
removals from the atmosphere by soil/biosphere-related sinks will 
be thus referred here as an individual contribution (IC) to the EACE. 

The globally averaged IC removals equal today to -0.24 
Mg C capita -1 yr -1 . Its value strongly depends on the state of 
national ecosystems. Countries, that have degraded ecosystems 


have small IC removals, countries that deploy effective carbon 
management technologies to soil and biosphere can have larger ICs. 
The author’s first estimate is that the most typical values of IC can 
range from about -0.20 to about -0.45 Mg C capita -1 yr -1 . 
Consequently, the most typical EACE can range from about 0.56 to 
about 0.81 Mg C capita -1 yr -1 . The value of the EACE can be for all 
nations calculated as the sum of -CC (0.36 Mg C capita -1 yr -1 ) 
and -IC (from 0.20 to 0.45 Mg C capita -1 yr -1 ), Eq. (1): 

EACE = -CC -IC (1) 

Consequently the CO2 emissions reduction target can be easily 
found from: 

CO2 emissions reduction target = CO2 emissions - EACE (2) 

Table 4 shows actual anthropogenic CO2 emissions, EACEs, and 
CO2 emissions reduction targets for some major countries and 
regions. However, for simplicity only the globally averaged EACE of 
0.60 Mg C yr -1 (i.e. with globally averaged IC = -0.24 
Mg C capita -1 yr -1 ) is used here for all countries/regions. 

From Table 4 it is observed that global C0 2 emissions must drop 
by 50% in order to offset the global EACE which exists today, i.e. to 
stabilise the content of atmospheric CO2 at present levels. For 
countries/regions the calculated CO2 emissions reduction targets 
arise from the difference between their CO2 emissions and their 
EACE, Eq. (2). Countries/regions having emissions significantly 
greater than their EACE must both decrease CO2 emissions and try 
to increase the EACE. Interestingly, countries/regions having CO2 
emissions only slightly above their EACEs can offset their CO2 
emissions only by raising their EACEs. 

Table 4 also shows that countries having the most C0 2 intensive 
economies must reduce their CO2 emissions by 80-88% compared 


Table 4 

CO 2 emissions per capita per year from fuel combustion as of 2008 [1], ecologically 
allowable C0 2 emissions (EACE) and calculated C0 2 emissions reduction targets for 
some major countries and regions. 

Country/region C0 2 emissions 3 EACE b (Mg C C0 2 emissions reduction 
(Mg C capita 1 capita -1 yr -1 ) target (CO 2 emissions 3 - 
yr -1 ) EACE b ) 


(Mg C capita -1 (%ofC0 2 
yr -1 ) emissions) 


Australia 5.04 

USA 5.01 

Russian 3.07 

Federation 

Netherlands 2.95 

OECD 2.89 

Germany 2.67 

Denmark 2.40 

United Kingdom 2.27 
Norway 2.15 

Poland 2.14 

Middle East 2.05 

France 1.57 

Sweden 1.35 

China 1.34 

World 1.20 

Asia (except 0.38 

China) 

Africa 0.25 


0.60 4.44 88 

0.60 4.41 88 

0.60 2.47 80 

0.60 2.35 80 

0.60 2.29 79 

0.60 2.07 78 

0.60 1.80 75 

0.60 1.67 74 

0.60 1.55 72 

0.60 1.54 72 

0.60 1.45 70 

0.60 0.97 62 

0.60 0.75 56 

0.60 0.74 55 

0.60 0.60 50 

0.60 

0.60 


3 C0 2 emissions from fuel combustion only. Emissions are calculated using the 
IEA’s energy balances and the Revised 1996 IPCC Guidelines and recalculated to C. 

b The actual EACE can vary significantly among countries/regions. The EACE must 
be thus independently determined for all countries/regions. However, for simplicity 
Table 4 uses only the globally averaged value of the EACE of 0.60 Mg C capita -1 yr -1 
for all countries/regions. This fact is emphasised by providing these EACE estimates 
in Italics. 
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with the year 2008. Most European countries need 55—80% 
reduction. Only 2 regions, i.e. Asia (except China) and Africa do 
not need any emission reduction in near future. Of course, the data 
presented in Table 4 need some further refinements relating to e.g. 
(i) differentiating the EACE among countries/regions and (ii) 
including non-C02 greenhouse gases. Nevertheless, Table 4 clearly 
pictures the future directions of climate change mitigation policy. It 
demonstrates that global climatic policy must be differentiated 
among countries/regions (a principle of common but differentiated 
responsibilities). Stringent climate change mitigation policies must 
be adopted by OECD countries while some other regions such as 
Africa and Asia (except China) do not need any specific climate 
policy regulations today. However, in order to avoid problems in 
near future, countries from those regions may focus on sustainable 
development by implementing low CO2 intensive energy systems. 
It is thus highly recommended that each region should adopt its 
own climate change mitigation policy which should be however 
consistent with actual national CO2 emissions and ecological 
constraints arising from the national EACEs. 

The presented concept of EACE conveniently addresses both 
carbon emissions and carbon removals. It thus allows to promote 
energy technologies which are carbon negative, e.g. bioenergy 
integrated with soil carbon sequestration. Besides, the EACE 
concept is relatively simple and it can include all existing carbon 
mechanisms such as International Emissions Trading (1ET), Land 
Use, Land Use Change and Forestry (LULUCF), Joint Implementation 
(JI) and Clean Development Mechanism (CDM). The author believe 
that the EACE concept might be therefore suitable for designing of 
post-Kyoto Protocol international law on climate change mitiga¬ 
tion. Under such carbon law the opportunities to develop cost- 
effective environmentally-friendly energy systems involving 
carbon-based energy vectors would be greater. 

4. Fossil fuel-based energy technologies integrated with 
value-added carbon management 

Below an overview of promising value-added carbon manage¬ 
ment technologies suitable for fossil fuel (Section 4), biomass 
(Section 5) and renewable (Section 6) energy technologies is 
provided. Conventional carbon capture and storage technologies 
include three main cost-generating steps, i.e. CO2 capture (total 
costs exceeding 20-30 € t CO2 1 ). transmission (costs 1-6 € t COJ 1 
per 100 km pipeline) and storage (costs depend on technology 
ranging from positive values for conventional geological storage to 
possibly negative values obtained for some enhanced oil/gas 
recovery technologies) [30]. Therefore, carbon management tech¬ 
nologies that can either avoid these costly steps or generate value- 
added products that can offset these costs are of great interest. 

4.1. Enhanced oil, gas and coal bed methane recovery 

Sequestration of CO2 in mature natural gas reservoirs can 
enhance natural gas recovery (EGR) [31 ]. The high density of carbon 
dioxide favours displacement of methane with limited gas mixing. 
Economic analysis shows that the largest expense relates to CO2 
purification, compression, and transport to the field. Other incre¬ 
mental costs include: (1) new or reconditioned wells for CO2 
injection, methane production, and monitoring: (2) CO2 distribu¬ 
tion within the field; and, (3) separation facilities to handle even¬ 
tual CO2 contamination of the methane. Economic feasibility is 
most sensitive to wellhead methane price, carbon dioxide supply 
costs, and the ratio of CO2 injected to incremental methane 
produced [32], Similarly, sequestration of CO2 can enhance oil 
(EOR) [33,34] and coal bed methane recovery (ECBMR) [35]. EOR 
relies on the miscibility of CO2 with the oil phase, and enhanced 


recovery facilitated by the density and viscosity decrease of the oil- 
CO2 mixture and corresponding greater mobility in the reservoir. 
Therefore, EOR is less efficient as C0 2 sequestration strategy than 
EGR. The injection of supercritical CO2 into depleted oil wells to 
enhance the further recovery of oil is well established. CO2 injection 
can increase oil recovery from a depleting well by about 10—20% of 
the original oil in place. 

4.2. Methane hydrates 

Large amounts of methane in the form of solid hydrates are 
stored on continental margins and in permafrost regions. If these 
methane hydrates could be converted into CO2 hydrates, they 
would serve double duty as methane sources and CO2 storage sites. 
The formed CO2 hydrates are thermodynamically stable under 
high-pressure and low-temperature conditions typical for deep 
oceans [36], Park et al. [37] have shown that CO2 sequestration in 
methane hydrates can be achieved with gas mixtures containing 
CO2 and N 2 thus minimising costs of C0 2 enrichment in flue gases. It 
is shown that N2 molecules specifically attack methane molecules 
already entrapped in methane hydrates and play a significant role 
in substantially increasing the methane recovery rate. The 
demonstrated methane recovery rate by CO2 substitution amoun¬ 
ted to 85% [37], This technology has received minor attention in the 
literature so far. 

4.3. Underground coal gasification (UCC) followed by CO2 storage 
in UCC voids 

Coal/lignite deposits which are not suitable for conventional 
mining can be gasified to syngas and then extracted in gaseous 
form. Because CO2 can enhance coal/lignite gasification it can be 
beneficially separated from syngas and then injected back to an 
UCG reactor [38]. The CO2 depleted syngas is oxidised in turbines to 
generate power. UCG offers several attractive opportunities to 
sequester CO2. For instance, CO2 can be used for the production of 
synthetic carbon-based fuels. Alternatively, it can undergo miner¬ 
alisation [39] with subsequent storage in former UCG voids [40], 
Similarly, the captured CO2 can be injected into former UCG voids 
when these are present at depths in excess of around 800 m [41 ]. By 
involving steam coal gasification hydrogen-rich syngas can be 
generated [42], Consequently, UCG has the potential to be designed 
to produce power at low cost with little CO2 emissions. 

4.4. Biogenic methane 

Biogenic methane is a term used to describe methane-rich gas 
derived from the underground reduction of CO2 via biogeochemical 
processes, Fig. 3. Biogenic methane can be obtained from geologi¬ 
cally stored CO2 in depleted oil and gas reservoirs, with subsequent 
conversion of the CO2 to CH4 via e.g. microorganisms. It is thus 
a sort of an underground fuel reactor which is driven by energy 
available for free in nature. The conversion of CO2 includes meth- 
anogenesis, hydrogenogenesis and geochemical processes [43], 
Such processes are pervasive in nature. Kawaguichi et al. [44] have 
recently reported experimental results on the methanogenic 
activity of Methanothermobacter thermautotrophicus under condi¬ 
tions relevant to geological CCS reservoirs. However, the processes 
which contribute to the methane production are complex, still 
poorly understood and hence further studies of this technology are 
needed. There are also problems with the selection of appropriate 
sites for this process. Today no researches can demonstrate that 
biogenic methane can be obtained with sufficient kinetics ensuring 
cost-effectiveness of this technology. 
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Fig. 3. Underground bioconversion of C02 to biogenic methane. 


5. Biomass-based energy technologies integrated with value- 
added carbon management 

Soil and biosphere are large C reservoirs with associated large 
reversible natural C fluxes, see Tables 2and 3. These two C reser¬ 
voirs can therefore efficiently sequester carbon because terrestrial 
biomass captures CO2 from the atmosphere and it is directly con¬ 
nected with soil. The content of C in soil is below its ecological 
potential and hence shifting of atmospheric CO2 to soil is entirely 
feasible today. Consequently, soil-based processes can serve as a C 
sink and thus mitigate anthropogenic C02-induced climate 
warming. 

Conventional fossil fuel-based power-generating technologies 
are known for adverse environmental impacts that relate to the 
emissions of SO2, NOX, heavy metals or unburned hydrocarbons to 
the atmosphere. At the same time agriculture [45] needs fertilisers 
that contain N, K and P elements. Unfortunately, the production of 
mineral fertilisers is energy and CO2 intensive. Therefore, the 
concept of sustainable agriculture which produces biomass for 
bioenergy applications and at the same time is less dependent on 
mineral fertilisers looks very promising. The main objectives of 
sustainable agriculture are threefold: (i) net production of useful 
forms of energy, (ii) retaining of N, K and P elements in soil and (iii) 
carbon deposition in soil followed by biomineralisation. This is 
a promising method to improve ecosystems and increase the 
national values of an EACE indicator, Table 4. 

Han et al. [46] have recently indicated that in order to meet the 
U.S. bioenergy goal of 30% in energy consumption by 2030, the 
expected large removal of N, P2O5 and K2O from U.S. land will 
necessitate an overall nutrient fertiliser application increase by 
a factor of 5.5 over the 1997 base line. This clearly emphasises that 
soil fertilisation is central for bioenergy production technologies in 
all countries [47], Therefore, intensive bioenergy production must 
be combined with intensive soil fertilisation. Strategies that 
combine bioenergy with soil biofertilisation and CO2 sequestration 
in soil are thus of great interest [22], It is essential that such bio¬ 
energy strategies must not lead to the removal of nitrogen, potash, 
phosphate and other nutrients from soil. After extraction of energy 
from biomass feedstocks, the remainder, e.g. biogas-derived 
digestate, ashes, etc., which are rich in those elements must be 
recycled back to soil. In this way bioenergy production can be 
coupled to CO2 sequestration more strongly, because it not only 
captures CO2 from the atmosphere but also can permanently 
sequester carbon in soil. One example of popular energy tech¬ 
nology, which is not sustainable in this sense is solid biomass co¬ 
firing of with coal [47], which leads to the permanent removal of 


N, P and K from soil and their deposition with coal-derived ashes in 
the form which isolate them from soil. Such soil will become less 
fertile. Therefore, some alternative, more ecological technologies 
must be urgently deployed, e.g. biogas or biomass gasification. 
Those technologies can exhibit acceptable energy efficiency, ensure 
recycling of nutrients back to soil and enable to store C in soil. 
Deployment of such bioenergy technologies enable to create 
energy systems coherent with agricultural systems, i.e. systems 
with greater sustainability. 

Fig. 4 presents various C-rich products obtained from biomass. 
Many of these C-rich products are a part of energy systems 
involving carbon-based vectors while others simply add value to 
the energy conversion technologies. Below biomass-based energy 
technologies are characterised with focus on energy and carbon 
management issues. 

5.1. Anaerobic digestion with coproduction of C-rich fertilisers 

Anaerobic digestion of biomass [48] leads to the generation of 
two main products (i) biogas (CH4 + CO2) and (ii) digestate (undi¬ 
gested biomass comprising e.g. carbohydrates and N, K, P elements 
which concentrate in digestate). The application of digestate as 
a biofertiliser is thus promising for soil fertilisation both as carbon 
permanent deposition method as well as a N, K, P fertilisation 
method. In this way the recirculation of N, K, P elements is ensured 
and carbon originating from the atmosphere is beneficially 
deposited in soil. Biogas is a mature and cost-effective energy 
technology which is well-suited for design of economic energy 
systems integrated with carbon-based energy vectors. 

5.1.1. Biogas upgrading to biomethane 

One drawback of existing biogas-based energy technology is 
such that it locks-up carbon in soil in the form of digestate, in which 
C is not fully oxidised, i.e. C has the form of partially oxidised 
carbohydrates, and hence it can be considered as less economical. 
From the view point of energy conversion efficiency the best 
method for carbon deposition in soil is the fertilisation of soil with 
carbon oxidised to the highest possible oxidation state of carbon, 
i.e. to CO2. It would be beneficial, if such bioenergy technology 
would also ensure the proper circulation of most important 
elements in soil such as N, K and P. 

This idea is entirely feasible by harnessing biogas upgrading to 
biomethane by means of reactive solvent scrubbing. Promising 
ecological solvents may include e.g. waste aqueous solution of 
NH4OH or KOH. Alternatively fresh aqua ammonia might be used as 
a cheap and easily available solvent. Upgrading of biogas-to-bio- 
methane can be thus achieved through scrubbing of biogas by 
reactive solvents. Since biogas injection to the natural gas grid 
requires the compression of biogas to high-pressures while 
a scrubbing process is also much more efficient under elevated 
pressures, a high-pressure reactive solvent scrubbing (HPRSS) is 
particularly promising [22], The main product of this process is 
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Fig. 4. C-rich products obtained from biomass. 
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high-pressure biomethane and fertiliser additives such as ammo¬ 
nium bicarbonate or potassium carbonate. Ammonium bicarbonate 
has been utilised by certain developing countries as a crop fertiliser 
for over 30 years with proved results in farmland practice, which 
enhanced crop root development and leaf growth [49], Therefore, 
the HPRSS process can offer more cost-effective utilisation of biogas 
energy and the fertilisation of soil with ammonium bicarbonate or 
potassium carbonate thus locking-up C0 2 in soil as well as nitrogen 
thus beneficially correcting for C/N ratio of soil. Moreover, digestate 
that is produced in anaerobic digestion can also be used as a soil 
fertiliser thus further enhancing the HPRSS technology. At the same 
time ecological requirements are met and also N, K and P elements 
are recycled back to soil. 

5.1.2. Biogas production enhanced by CO2 recirculation 

Recycling of C0 2 to anaerobic digestion (AD) minimises biomass 

conversion to C0 2 . Interestingly, microorganisms operating under 
C0 2 saturated conditions continue to synthesise CH 4 while bene¬ 
ficially cease to synthesise C0 2 . Consequently, the net production of 
C0 2 in C0 2 -recirculating AD units can be reduced by a factor of 4 
[50], Such a process still produces flammable CH4 gas but less C is 
released in the form of C0 2 . Consequently, the AD process is more 
selective to CH4 than conventional biogas technology. Additional 
benefit of the C0 2 -recycled AD process is the removal of NH3 which 
inhibits methane fermentation [51]. 

Fig. 5 presents a value-added AD process with coproduction of 
biogas, biomethane, electricity, C-rich soil fertilisers and algae- 
derived value-added products. These strategies have an ability to 
sequester C in soil as stable minerals. 

5.1.3. Carbon biomineralisation in soil 

Central C management problem in all energy technologies uti¬ 
lising biomass feedstocks and aimed at shifting of atmospheric C to 
soil is the permanence of C deposition in soil. The permanent C 
deposition in soil can be achieved only when biomass-derived C is 
reacted into a more stable, non-volatile and non-degradable form. 
Biomineralisation is a suitable processe in this regard. Namely, 
living organisms can convert soil C into stable mineral deposits. C 
can be biomineralised by plants, animals and microorganisms. 
Some living organisms have an ability to biomineralise C extracted 
from soil or sometimes even directly atmospheric C0 2 . C bio¬ 
mineralisation can ensure stable C sequestration in soil and is thus 


a method for refining bioenergy technologies. In particular, biogas 
energy with digestate biofertiliser and biomass pyrolysis with 
biochar fertiliser can benefit from C management enhancement 
through biomineralisation. 

5.13.1. Examples of C biomineralisation by terrestrial higher 
plants. Calcium and silicon are the two most common elements 
involved in C biomineralisation by higher plants [52], Calcium 
deposition is far more abundant and widespread, which produces 
deposits of calcium oxalate and calcium carbonate. These deposits 
can be amorphous or crystalline and are found in stems, leaves, 
roots, and flowers. Hundreds of plant species (forest trees, shrubs, 
subshrubs, herbs, and crop plants) are known to biomineralise 
directly atmospheric C0 2 [53]. The great benefit of cultivation of 
such plants is therefore biomineralisation of atmospheric C0 2 with 
low costs. An example of studies on biomineralisation of carbon in 
terrestrial ecosystems is the tropical iroko tree ( Milicia excelsa) in 
the Ivory Coast of Africa which has a high ability of accumulating 
mineral C as calcium carbonate in ferralitic soil [53], Bio¬ 
mineralisation by properly selected or genetically engineered 
higher plants exhibits the great promise for enhancing cost- 
effective terrestrial C sequestration. 

5.13.2. Examples of C biomineralisation by terrestrial animals. The 
formation of stable mineral deposits from C is widespread among 
animals which create their body structures such as bones, teeth or 
shells. Lifeless animals thus contribute to the permanent deposition 
of biomineralised C in soil. Further, some kinds of earthworms have 
calcium glands which enable them to neutralise consumed acidic 
organic substrates from soil. During this neutralisation process 
earthworms secrete granules of CaCC>3 into soil [54], Lambkin et al. 
[55] have reported that in 11 various soil earthworms secreted on 
average 0.8 mg CaCC>3 earthworm 1 day -1 . Assuming 15 CaCCb 
secreting earthworms per m 2 of soil and 4.8 x 10 13 m 2 of arable 
land worldwide, it can be calculated that the global potential 
of biomineralisation by Ca-secreting earthworms is about 
0.25 Pg C yr -1 which is around 3% of anthropogenic atmospheric C 
emissions (see Table 3) to be obtained only by earthworms. 

5.1.33. Examples of C biomineralisation by terrestrial micro¬ 
organisms. Another attractive opportunity for C biomineralisation 
arises from the role played by microorganisms in soil which can 



Fig. 5. Value-added anaerobic digestion of biomass-to-biogas, biomethane, electricity, C-rich soil fertilisers and algae-derived value-added products. 
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biomineralise soil organic C. Biosphere microorganisms can effi¬ 
ciently induce carbonate precipitation and thus contribute to the 
formation of stable C minerals [56], One microorganism, Spor- 
osarcina pasteurii, isolated from wastewaters, has proven to be very 
efficient for carbonate biomineralisation in underground condi¬ 
tions [57], This microorganism performs urea degradation, causing 
a pH increase which favours the precipitation of carbonates. Due to 
the ease of microbial genetic engineering it is quite likely that this 
microbial C biomineralisation pathway can play a significant role in 
C management strategies of C deposition in soil. 

5.13.4. Examples of chemical C mineralisation. Renforth et al. [58] 
have shown that 0.29 Pg C yr” 1 can be sequestered in soil 
through chemical mineralisation by implementing waste Ca- 
containing industrial minerals, e.g. crushed concrete. In general C 
mineralisation is limited by the availability of Ca cations. Therefore, 
technologies for enhanced rock weathering would be useful. 

In conclusion, the potential of soil C biomineralisation coupled 
to bioenergy technologies remains mostly unused. By developing 
and deploying value-added C management strategies involving C 
biomineralisation in soil one can significantly raise the national 
value of EACE and thus offset C0 2 emissions originating from fossil 
fuel combustion, Table 4. 

5.2. Biogas-to-biomethane with coproduction of mineral fertilisers 

The production of ammonium bicarbonate (NH4HCO3) fertiliser 
from water, ammonia and biogas-derived C0 2 in a biogas-to- 
biomethane process by high-pressure reactive solvent scrubbing 
has been demonstrated in [22] as a promising method to sequester 
C in soil. The advantage of this method is associated with miner¬ 
alisation of C in its most oxidised form, i.e. as C0 2 . 

5.3. Algae farming 

Algae [59,60] have great potential for the reduction of C0 2 
emissions by using C0 2 to synthesise algae biomass. The interest in 
C0 2 to algae routes originates from fast growth of this plant. The 
existence of various species creates wide range of applications for 
algae such as using algae biomass for the production of useful 
energy, food, biofertilisers, pharmaceutics, cosmetics or polymers. 
Value-added products retrieved from algae biomass followed by AD 
of organic residuals look particularly promising, Fig. 5. In the last 
decade the significant growth of algae harvest, as well as total 
production volume of phycocolloids was observed. It should be 
emphasised however that the significant drawback in all of the 
technologies involving this group of organisms, was the big share of 
cost for algae cultivation. Therefore, today algal biomass is unsuit¬ 
able to cultivate it solely for biomass-to-energy applications. 
Technologies producing value-added products for e.g. pharma¬ 
ceutical use can improve economics while only organic wastes can 
be converted to bioenergy. These multiple applications support 
sustainability (a key principle in natural resource management) 
and process economy. 

The recovery of complex molecules from algae and use them for 
products, and then making biodiesel from the waste algae materials 
or using them in anaerobic digestion seems to be an attractive 
strategy because of value-added biochemicals and fuels. Biofuel 
production from algae is one of the most promising technologies 
for C0 2 utilisation because microorganisms can grow very fast 
compared with other kinds of plants and can be located near C0 2 
intensive power-generating facilities. 

Algae can consume C0 2 derived from conventional power 
plants. To capture the C0 2 emissions of a 1 MW power plant, an 
algal plant of about 65 ha would be necessary for coal-firing while 


an approx. 22 ha algal plant would be sufficient for biogas 
production. However, algae yield is limited by low C0 2 concentra¬ 
tion in air which makes the technology economically infeasible 
[61], Therefore, algae farming enhancement by C0 2 captured [62] 
from flue gas emissions from power plants that burn fossil fuels 
looks promising due to the higher C0 2 concentration of about 15%. 
Biogas is even more promising because it comprises 35% C0 2 . 
Another potential source of C for algae farming is associated with 
an ability of a number of microalgae species which can assimilate C 
directly from soluble carbonates such as Na 2 CC>3 and NaHCC>3 [61], 

As it is shown in Fig. 5 an algae farm can be suitably integrated 
into a biogas plant as the integration of C0 2 sink into C0 2 source. As 
a result significant negative C0 2 emissions can be achieved. Further, 
integrating biogas plants with algae plants offers one another 
advantage associated with improved fertilisation of algae cultures 
which can reduce overall costs. 

5.4. Biomass pyrolysis to biooils and biochar 

In pyrolysis solid biomass is converted to liquids, gases and 
chars, liquid fuel being the main target. Biomass pyrolysis pathway 
is today at research and pilot stage. Among pyrolysis technologies 
fast pyrolysis seems to be a potential candidate for power 
production [63], Many research groups propose to apply biochar as 
soil biofertiliser [64,65], However, biochar is a charcoal having high 
higher heating value (HHV) because C in biochar is not oxidised and 
therefore the biochar-based soil fertilisation seems less economical 
than digestate fertilisation. 

5.5. Biomass gasification to syngas followed by fuel synthesis 

Biomass gasification to syngas followed by gaseous or liquid fuel 
synthesis has attracted much attention in recent literature. Jurascik 
et al. [66] have claimed that synthetic natural gas (SNG) can be 
obtained from woody biomass with exergetic efficiency of 70—72%. 
Seiler et al. [67] have demonstrated that the enhancement of 
a biomass gasification process by external energy inputs (allo- 
thermal conditions) can multiply the conversion yield of biomass C 
into fuel C by a factor of 3 in comparison with existing (auto- 
thermal) gasification processes. Much attention is dedicated to 
design pecularities of biomass gasifiers [68], 

Several studies have analysed economics of the production of 
liquid fuels from biomass. Clausen et al. [69] have shown that 
dimethyl ether (DME) can be produced from torrefied [70] woody 
biomass with energy conversion efficiency of 58—71%. Sarkar et al. 
[71] have reported that in Western Canada forest residues are 
gasified to syngas followed by the synthesis of methanol, DME, F-T 
fuels and ammonia, but the costs of these fuels are significantly 
higher than obtained from fossil fuels. 

5.6. Biomass fermentation to bioethanol 

The extent of GHG reduction by biofuels is still debated and 
depends on a variety of factors including the type of crop input used 
and the choice of production processes [72], For instance in [73] it 
has been claimed that palm-oil-based biorefineries are less GHG 
efficient from the Life Cycle Assessment perspective than e.g. biogas 
harvesting energy systems. This again emphasises that only energy 
systems integrated with value-added C management and being 
coherent with agricultural systems are able to achieve both cost- 
effectiveness and GHG reduction. 

For lignocellulosic materials, so called second generation bio¬ 
fuels, the main barrier is still the need for pretreatment in order to 
increase the enzyme accessibility for improved digestibility of 
cellulose [74], This can increase the overall costs of such energy 



290 


W.M. Budzianowski / Energy 41 (2012) 280-297 


technologies. Biomass fermentation to ethanol is however a low- 
temperature process which has prospects for achieving high 
energy conversion efficiencies, i.e. of the order of 75—80% (exer- 
getic efficiency) [75], 

5.7. Biomass esterification to biodiesel 

Biodiesel is obtained catalytically either through the trans¬ 
esterification of triglycerides using alcohol or the deoxygenative 
ecofining of triglycerides in a nonalcohol environment. Bio¬ 
gasoline is produced from the catalytic cracking of triglycerides. 
According to [76] this technology can be implemented in current 
petroleum refineries after only minor modifications. Also algae 
biomass is considered as a valuable resource for biodiesel produc¬ 
tion [77] which enables to achieve similar attractive C management 
synergies as those reported in Fig. 5 for anaerobic digestion. 

5.8. Reforestation/afforestation 

Storage of atmospheric CO2 in the form of biomass is another 
opportunity to sequester C. Forests are one of the largest biomass- 
based C reservoirs. Forests generate wood as a value-added 
product. Disadvantages linked with forestation include slow grow 
of forestry biomass and large land occupation. Reforestation 
constitutes a low cost sustainable C management option, in 
particular when compared with presently available conventional 
CCS paths. Economic benefits are possible through the added value 
of forest products and through the long-term social and environ¬ 
mental benefits that include improved soil and air quality, reduced 
surface run-off and erosion, and ecosystem health. The amount of C 
stored is determined by forest management practices, such as tree 
species, geographic location, and characteristics, and through the 
disposition of forest products. The cost includes that associated 
with additional land, planting, and management, and secondary 
costs or benefits such as non-climatic environmental impacts or 
timber production. C sequestration as biomass can be prolonged 
through the use of wood as furniture and other housing materials. 
Wood is thus a value-added C management product by itself. 

5.9. Leaf-like materials for CO2 bioconversion to value-added 
biomass 

Emerging technology of bioconversion of CO2 by using leaf-like 
materials in photobiochemical processes seems particularly 
promising. Nanobioreactor based on eco-friendly materials manu¬ 
factured by immobilisation of biological species into biocompatible 
porous matrices can mimic the functions of living plants and 
photosynthesis process [78], For encapsulation of isolated cells or 
specific organelles (chloroplasts, thylalcoids) very advanced nano¬ 
materials are considered. The further studies in this field will 
involve both materials with good mechanical properties and routes 
for entrapping the biological species into the inorganic matrix to 
produce hierarchical porous network resembling the plant leaves 
and mimicking their functions. Very crucial issue is life span of the 
new system with extended photosynthetic activity that can be 
prolonged if the division of the encapsulated cells will be possible. 

6. Renewables-based energy technologies integrated with 
value-added carbon management 

Renewable can be used to converted CO2 captured in power 
plants to value-added products [79], This is one of possible routes 
for realising the strategy for CO2 known as ‘CO2: from waste to 
value’ [80], However, many CO2 conversion technologies seem not 
fully economical today. The reason is associated with process 


thermodynamics and slow kinetics of CO2 conversion [81], The 
basic challenge is to convert CO2 into carbon monoxide (CO) by 
removing one oxygen atom from the CO2 molecule. Since the CO2 is 
a very stable molecule, conversion processes need a lot of energy. 
The energy source can be taken from renewable concentrated solar 
power (CSP), but the same results can be achieved in photo¬ 
chemical/catalytic, thermochemical/catalytic, electro-chemical/ 
catalytic or bio-chemical/enzymatic processes. When CO is 
formed, the further conversion, e.g. creation of hydrocarbon fuels 
can be achieved through a reaction known as the Fischer—Tropsch 
synthesis - most commonly used to synthesise liquid fuels from 
coal or some modifications of the F-T process. The synthesis of 
fuels consumes energy which is later liberated through utilisation 
of produced fuels. However, when the F-T synthesis is used to 
convert CO derived only from CO2, an additional source of H2 is 
needed to synthesise liquid hydrocarbon fuels. In future, renewable 
H 2 could be obtained from promising emerging technologies based 
on renewable sources such as solar (e.g. CSP plants in the Sahara 
desert) or wind (e.g. harvesting of high altitude winds). 

Any chemical conversions are driven by differences in the Gibbs 
free energy between the reactants and products of a chemical 
reaction (under certain conditions), as shown by the Gibbs- 
Helmholtz relationship, Eq. (3): 

AG° = A H° - TAS° (3) 

Any attempt to use CO2 as a feedstock must take close account of 
the relative stability of the ultimate reaction products, as compared 
to the reactants. Both terms (AH 0 and TAS°) of the Gibbs free energy 
are usually not favourable in converting CO2 to other molecules. 
The carbon-oxygen bonds are relatively strong and substantial 
energy must be input for their cleavage in terms of carbon reduc¬ 
tion. Moreover, AG° only provides information as to the yield of 
products at equilibrium through the relationship AG° = -RT ln/C 
However, even if favourable thermodynamic equilibria for CO2 
conversion are ensured through raising T, the kinetics of such 
a process might be unfavourable for its practical realisation. 
Unfortunately, kinetics of many CO2 conversions are very slow. 
Therefore, any progress in the use of CO2 as a useful reactant (e.g. 
towards fuel synthesis) will only emerge through use of advanced 
catalytic approaches. 

6.1. Solar fuel synthesis 

Concentrated solar radiation can be used to synthesise fuels 
from C0 2 and H20 [16,82], Due to unfavourable thermodynamic 
equilibria solar thermochemical splitting of CO2 and H 2 0 must be 
operated at high temperatures. Solar fuel synthesis can utilise the 
entire solar spectrum, and as such provide an attractive path to 
solar fuels production with high energy conversion efficiencies. 
CO2/H2O can be converted to fuels through direct thermolysis. 
Alternatively, two-step thermochemical cycles that use metal oxide 
redox reactions can be involved. The two-step solar-to-fuel tech¬ 
nology can bypass the CO/O2 or H2/O2 separation problem. Fig. 6 
shows schematically the two-step H2O/CO2 splitting thermo¬ 
chemical cycle based on metal oxide redox reactions. The net 
reactions are H 2 0 = H= + 0.5O 2 and CO2 - CO + 0.502. Since O2 and 
H2/CO are released in separate reactors, the need for high 
temperature gas separation is thereby eliminated. The syngas 
mixture (H2/CO) can be further processed to liquid hydrocarbon 
fuels (synfuels via Fischer-Tropsch and other catalytic processes), 
such as diesel, kerosene, methanol, and gasoline using existing 
conventional technologies. 

Cerium oxide (ceria) has emerged as a highly attractive redox 
active material because it displays rapid fuel production kinetics 
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synfuels 


Fig. 6. Two-step solar thermochemical cycle for H 2 0/C0 2 splitting based on metal 
oxide redox reactions. Notations: M0 OX - metal oxide, MO™ - the corresponding 
reduced metal or lower-valence metal oxide. 

and high selectivity. Reduction proceeds via the formation of 
oxygen vacancies and the release of gaseous O2, resulting in the 
subsequent change in stoichiometry (x). Oxidation is capable of 
proceeding with H2O and/or CO2, thereby releasing H2 and/or CO 
and re-incorporating oxygen into the lattice. The two-step H2O/CO2 
splitting solar thermochemical cycle based on oxygen-deficient 
ceria is represented by Eqs. (4) and (5): 

High-T reduction step: Ce02 -*• Ce02-x + 0.5 x O2 (4) 

Low-T oxidation step: Ce02-x + XH2O —> Ce02 + xTh; Ce02-x 

+ xC0 2 - Ce0 2 + xCO (5) 

Photocatalytic reduction of CO2 [83] mimics photosynthesis as it 
converts light to chemical energy of organic compounds (here 
fuels) and oxygen. It could emerge from laboratories and be trialled 
at a commercial stage within next few years. Significant challenges 
still remain on the scaling up of this technology. Achieved efficiency 
rates of up to 25% at a laboratory scale are promising but need 
further improvement. Then the technology would have to be scaled 
up to see how economical it can be. Main challenges are associated 
with radiation (photo) energy and suitable catalysts. 

6.2. Catalytic hydrogenation of CO2 

CO2 can be converted by involving renewable hydrogen to C-rich 
fuels such as methanol, dimethyl ether (DME), higher alcohols or 
formic acids [84], Wang et al. [85] have shown that catalytic 
hydrogentation of CO2 is a powerful process in CO2 conversions, 
Fig. 7. The CO2 methanation reaction is thermodynamically 
favourable (AG298 K = - 130.8 kj mol-1). However, the reduction of 
the fully oxidised C to methane is an eight-electron process with 
significant kinetic limitations, which thus requires a catalyst to 
achieve acceptable rates and selectivities [86], A major drawback of 
this technology is the need for renewable hydrogen [87-90]. 
Additionally, CO2 hydrogenation is a low-temperature exothermic 
process which generates waste heat and thus it requires thermal 
integration [91,92] to achieve cost-effectiveness. 

6.3. Electrochemical CO2 conversion 

Electrochemical CO2 reduction enables to overcome a key 
problem arising during CO2 conversions, i.e. the reduction of CO2 to 



HCOOH 


Fig. 7. C-rich products from catalytic hydrogenation of C0 2 . 


CO. The direct electrochemical reduction of CO2 [93] may allow for 
a simple process by avoiding high temperature reactors. Electro¬ 
chemical conversion can be performed at room temperature and 
ambient pressure. A renewable source of electricity can be used to 
drive the process, including solar, wind, hydroelectric, geothermal, 
tidal, and thermoelectric processes. Therefore this method can also 
be used as a renewable electricity storage mechanism in carbon- 
based vectors, i.e. it converts the electrical energy to chemical 
energy by producing fuels from CO2, such as methanol and formic 
acid. The stored energy can be released later by oxidation through 
fuel cells or conventional combustion engines. Especially formic 
acid and carbon monoxide require little energy input compared to 
their respective market values. Therefore, they constitute most 
promising carbon-based energy vectors derived from this value- 
added carbon management technology. 

Current research is yielding catalysts with long-term perfor¬ 
mance characteristics and low energy use, but significant technical 
advances are still needed for large-scale use. Electrochemical 
conversion promises to be deployable in many systems, because of 
its low-carbon footprint [94], its scalability, its fungible use of 
electricity, and its ability to produce many value-added products, 
Fig. 8. The combination of the electrochemical process with grid- 
based ancillary services can make these processes economically 
viable, even without additional incentives such as the EU-ETS. 

The working principles of an electrochemical reactor for CO2 
conversion to formate/formic acid are schematically presented in 
Fig. 9. 

Another electrochemical technology is the conversion of CO2 
into inorganic minerals that may be used as building materials. This 
technology involves a combination of electrochemical reactions to 
generate the alkaline reactant and necessary mineralisation reac¬ 
tions. Initial estimates suggest that even if 10% of the world’s 
building materials were to be replaced by such a source, 
consumption of 0.4 Pg C yr -1 would result, i.e. about 5% of 
anthropogenic CO2 emissions. 



Fig. 8. C-rich products of electrochemical conversion of C0 2 . 
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+ formate/formic ac 



catholyte + C0 2 anolyte 


Fig. 9. Schematic of an electrochemical reactor for the conversion of C0 2 to formate/formic acid. 


6.4. Trireforming 

The treatment of flue gas from fossil fuel fired power plants by 
trireforming (TR) could become an attractive approach for con¬ 
verting the C0 2> H 2 0 and 0 2 contained in the flue gas via synthesis- 
gas processing [95] into useful products, such as methanol or urea. 
In the TR process the dry reforming of methane with C0 2 , steam 
reforming and the partial oxidation of methane occur simulta¬ 
neously. The central challenge of hydrocarbon reforming processes 
is the development of efficient catalysts, stable at sufficiently high 
temperatures [96], An example of such catalysts are metal oxides 
which are additionally cheap and abundant [97], 


6.5. Conventional value-added fertilisers, materials and chemicals 

Several other value-added fertilisers, materials and chemicals 
can be obtained from C0 2 [98], Main examples include urea 
(105 Mt C0 2 yr -1 ), isocyanates, polycarbonates (60 kt C0 2 yr -1 ), 
salicylic acid (25 kt C0 2 yr -1 ), carboxylates and lactones, inorganic 
and organic carbonates, carbamates, polymers, etc. Currently, urea 
is produced at the largest scale. Urea is mainly used as nitrogenous 
fertiliser. It also becomes more important in exhaust systems of 
internal combustion engines for diesel fuel where it is used for 
nitrogen-oxide reduction. Urea is produced by reacting NH 3 and 
C0 2 [99], 


Table 5 

Value-added carbon management in fossil fuel-based energy technologies. 

Energy technology integrated with value-added carbon Value-added C-rich products Additional C management effects 

management 

Enhanced oil, gas and coal bed methane recovery 
Methane hydrates 

Underground coal gasification (UCG) followed by 
C0 2 storage in UCG voids 
Biogenic methane 


Oil, natural gas, methane. 
Methane. 

Syngas (CO + H2). 


C0 2 sequestration in depleting wells. 
C0 2 sequestration as C0 2 hydrates. 
C0 2 sequestration in UCG voids. 


Perspectives and constraints of fossil fuel-based energy technologies integrated with value-added carbon management. 


Energy technology integrated with 
value-added carbon management 
Enhanced oil, gas and coal bed 
methane recovery 


Methane hydrates 

Underground coal gasification (UCG) 
followed by C0 2 storage in UCG voids 


Biogenic methane 




EOR is commercial and cost-effective. 

EOR, EGR and ECBMR can be made cost-effective. 
The deployment of EOR and EGR significantly 
increased global accessible reserves of oil and 
natural gas. 

Large quantity potential of methane hydrates. 
Suitable for coal deposits for which conventional 

C0 2 recycling improves coal gasification. 

Existing commercial interests can accelerate the 
deployment of UCG. 

It has the potential of improving cost-effectiveness 
of conventional CCS technologies. 


Constraints 


EGR and ECBMR are at pilot phase and need further R&D. 
All technologies require supply of compressed C0 2 . 


It is at research phase and needs significant R&D. 

Some unresolved problems exist regarding thermal and 
kinetic characteristics of UCG reactors. 

UCG needs further R&D and on-site demonstration for 
technological validation. 

Limited kinetics of microbial methane production. 
Problems with appropriate site selection might appear. 
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Table 9 

Value-added carbon management in renewables-based energy technologies. 

Energy technology integrated with value-added Value-added C-rich products 

carbon management 

Solar fuel synthesis Syngas, synfuels. 

Catalytic hydrogenation of CO 2 CO, CH 4 and higher hydrocarbons 

Electrochemical C0 2 conversion HCOOH, CO, CH 3 OH, CH 2 CH 2 , CH 4 . 


Trireforming 

Conventional value-added fertilisers, 
materials and chemicals 


Methanol, urea. 

Urea, isocyanates, polycarbonates, 
salicylic acid, carboxylates & lactones, 
carbonates, carbamates, polymers. 


Additional C management effects 


It can use captured C0 2 . 

It can use captured C0 2 . 

It can use captured C0 2 .The obtained 
chemicals can be used to synthesise 
stable carbon-rich materials (e.g. polymers) 
and thus store more carbon for longer time. 
It can use captured C0 2 . 

They can use captured C0 2 . 


Table 10 

Perspectives and constraints of renewables-based energy technologies integrated with value-added 


Energy technology integrated with Perspectives 

value-added carbon management 

Solar fuel synthesis Solar energy has the largest available capacity among 

renewable energy sources. 

Novel materials such as cerium oxides increase the 
potential for technology deployment. 

Catalytic hydrogenation of C0 2 It is one of the most promising routes to react C0 2 . 


Electrochemical C0 2 conversion 
Trireforming 

Conventional value-added fertilisers, 
materials and chemicals 


It enables low-temperature reacting of C0 2 . 

Formic acid is an attractive market product. 
Mature technology which enables to react C0 2 . 
There exist well-defined market for such products. 


Constraints 


all Pilot demonstrations to validate the technology are needed. 
Several issues still need significant R&D efforts. 

Artificial photosynthesis is limited by effective catalysts, 

It requires renewable hydrogen and the development of 
effective catalysts. 

It needs renewable electricity. 

Further R&D is still needed. 

Cost-effectiveness cannot be ensured today. 

The capacity potential for these conventional C0 2 uses is 
relatively limited worldwide. 


7. Non-conversion use of C0 2 -based energy technologies 
integrated with value-added carbon management 

Value-added carbon management technologies by non¬ 
conversion use of CO2 are particularly interesting due to eliminating 
the necessity of energy intensive splitting of C0 2 molecules. Industrial 
applications of non-converted CO2 rely on the physicochemical 
properties of C0 2 such as the use of supercritical C0 2 as a solvent (in 
particular for extraction processes such as decaffeination or recovery 
of essential oils) or the use of gaseous C0 2 in the food industry (e.g. for 
use in drinks, or as a refrigerant). C0 2 can also be used as heat transfer 
fluid in some geothermal applications or to recover low grade waste 
heat in organic Rankine cycle based systems (ORC). 

7.1. Refrigerants 

The storage capacity for CO2 as refrigerant is comparably low, 
because the expected lifetime of those plants do not exceed 20 
years and the capacity for storing C0 2 compared to annual 
anthropogenic emissions is negligibly small. The reduction of the 
emissions of synthetic refrigerants through leakages is also of 
interest, because those synthetic refrigerants have a multiple 
impact on the greenhouse effect than C0 2 . The growing number of 
cars with air-conditioning increases the potential of cooling 
applications (900 Mt C0 2 yr '). Transcritical C0 2 cycles attract 
significant attention enabling to attain reasonable coefficient of 
performance [100], 

7.2. Geothermal heat transfer fluids 

Supercritical C0 2 is also being explored as a heat transfer fluid 
for some geothermal applications in geothermal power plants and 
in heat pump technology [101], Because C0 2 exhibits specific 
operational characteristics, e.g. a transcritical C0 2 cycle must be 


operated in the supercritical region 8-12 MPa, thus being different 
than conventional refrigerants [102] it needs dedicated energy 
applications. 

8. Value-added C-rich products, additional C management 
effects, perspectives and constraints of energy technologies 
integrated with value-added carbon management 

This Section summarises the reviewed energy technologies in 
tabular form. Tables 5, 7, 9 and 11 show main value-added C-rich 
products and additional C management effects while Tables 6, 8,10 
and 12 provide their main perspectives and constraints. 

8.1. Fossil fuel-based energy technologies integrated with value- 
added carbon management 

The addressed energy technologies integrated with value-added 
carbon management have been discussed in the four main groups 
related to: (i) fossil fuel, (ii) biomass, (iii) renewable, and (iv) non¬ 
conversion use of C0 2 . 

In the first fossil fuel-related group only enhanced oil recovery 
(EOR) is today commercial and cost-effective. EGR and ECBMR are at 
pilot phase but they are promising for near-term commercial 


Table 11 

Value-added carbon management in non-conversion use of C0 2 -based energy 
technologies. 

Energy technology integrated Value-added C-rich Additional C 

with value-added carbon products management 

management effects 

Refrigerants C0 2 as a heat transfer It can store C0 2 . 

fluid. 

Geothermal heat transfer C0 2 as a heat transfer It can store C0 2 . 

fluids fluid. 
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Table 12 

Perspectives and constraints of non-conversion use of C0 2 -based energy technologies integrated with value-added carbon management. 


Energy technology integrated with 
value-added carbon management 
Refrigerants 


Geothermal heat transfer fluids 




Constraints 


The growing number of cars with air-conditioning 
increases the potential of cooling applications. 

It can minimise leakages of conventional non- 
environment friendly refrigerants. 

It can minimise leakages of conventional non- 
environment friendly refrigerants. 

Promising for geothermal power plants and for 
heat pump applications. 


Low overall C0 2 storage capacity. 

Dedicated refrigeration applications must be 
developed. 

Low overall C0 2 storage capacity. 

Dedicated energy applications must be developed 
for C0 2 cycles. 


deployment. In many locations these technologies enable perma¬ 
nent sequestration of CO2 in depleting wells. The added value arising 
from increased amount of fossil fuels extracted with these tech¬ 
nologies in some cases can at least offset the costs of CO2 supply. 

In the second biomass-related group the biogas energy is most 
mature and can be made cost-effective. The emphasis in R&D must 
be however put on various sophisticated carbon management 
options which could enable to achieve negative CO2 generation 
intensity from biogas energy [3] while retaining its cost- 
effectiveness. Most of liquid biofuels can also be made cost- 
effective. Residues derived from bioenergy conversion are suit¬ 
able for soil fertilization thus enabling the recycle of nutrients back 
to soil and additionally benefiting from soil carbon sequestration. 
Some of bioenergy technologies, e.g. biodiesel, can use only an oil 
fraction of biomass, and hence the residues must be first converted 
through some other bioenergy technologies e.g. by anaerobic 
digestion to biogas. Main constraints of liquid biofuels are associ¬ 
ated with the limited availability of abundant and cheap catalysts 
suitable for biofuel synthesis from biomass. Also the availability of 
cheap fast growing biomass itself limits the large-scale deployment 
of bioenergy technologies in many countries. It is expected that in 
this biomass-related group several new bioenergy technologies 
might emerge in foreseeable future due to the enhancement 
obtained from genetic engineering. 

In the third renewables-related group the main constraint is 
associated with the insufficient availability of cheap renewable 
energy. Existing mature technologies driven by renewable energy 
such as trireforming cannot therefore achieve cost-effectiveness 
today. Emerging technologies, such as electrochemical CO2 
conversion, catalytic hydrogenation or solar are still at pilot phase 
and need further R&D efforts. Main promise is linked with the 
opportunity for the production of fuels, fertilisers and basic 
chemicals from CO2. The CCh-based chemical routes can be more 
technologically simple than conventional syntheses and hence 
more likely to ensure cost-effectiveness. 

In the last non-conversion CO2 uses-related group main benefit 
arise from the lack of the need to convert stable CO2 molecules 
which is the most cost-generating step in all CO2 conversion-based 
carbon management technologies. Although some potential for 
using non-converted CO2 exists today and cost-effectiveness of 
such uses can be ensured, this route can contribute to solving the 
CO2 dilemma only in a very small part because of limited capacity 
potential compared with CO2 emissions. 


9. Conclusions 

The review showed that several energy technologies existed or 
had recently emerged which could ensure cost-effective production 
of useful forms of energy and at the same time could be integrated 
with value-added carbon management. These energy technologies 
thus enabled to produce both useful energy and various products 


containing carbon. Some of these C-rich products were found to be 
suitable for design of energy systems utilising carbon-based energy 
vectors. Others were found to be valuable C-rich fertilisers, food 
products, pharmaceutics, cosmetics, polymers, basic chemicals etc. 
All of them had thus potential to improve cost-effectiveness of low- 
carbon energy technologies. 

It was demonstrated that carbon-based energy vectors could 
use existing energy infrastructures and could serve all energy 
applications including transport. Energy systems involving carbon- 
based vectors relied on balanced use of fossil fuels, biomass and 
renewables (sustainable energy mix). The opportunities for inte¬ 
gration of value-added carbon management technologies into fossil 
fuel, biomass and renewable energy technologies were presented. 
In summary, main C-rich products and C management effects were 
defined. Finally, perspectives and constraints of value-added 
carbon management technologies suitable for carbon-based 
energy vectors were synthesised. 

The most attractive synergies between energy technologies and 
value-added carbon management technologies were found in the 
following area: (i) soil fertilisation (sustainable agriculture), (ii) the 
use of CO2 to enhance biomass growth, (iii) simultaneous (bio)- 
chemicals and fuels production and (iv) the enhancement of oil and 
natural gas recovery. Biomass energy was estimated as the most 
promising candidate for carbon-neutral or even carbon negative 
energy systems with C-based energy vectors. Most attractive value- 
added products such these algae-derived were estimated to be still 
to come thus emphasising that C management value-added tech¬ 
nologies would have increasing potential in future. 
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